Background. Tenofovir disoproxil fumarate (TDF) decreases bone mineral density (BMD). We hypothesized that vitamin D3 (VITD3) would increase BMD in youth receiving TDF.
increases serum bone turnover markers (eg, C-terminal telopeptides [CTX] , bone alkaline phosphatase [BAP] , and osteocalcin [OC]) [5] , changes also observed in persons with vitamin D (25-hydroxy vitamin D ) deficiency [16] .
Independent of TDF use or HIV infection, in persons with 25-OHD deficiency, vitamin D supplementation improves endocrine and bone turnover changes, and increases BMD [17] . Vitamin D supplementation also improves the endocrine and BMD changes associated with TDF use. At initiation of TDF-containing cART in adults with HIV, randomization to daily high-dose vitamin D3 (4000 IU) plus twice-daily calcium lessened BMD decline, independent of baseline 25-OHD status [18] . During chronic treatment with TDF-containing cART, vitamin D3 supplementation (50 000 IU) every 4 weeks decreased PTH over 12 weeks of treatment in youth with HIV [19] . In calcium-and/or 25-OHD-deficient adults with HIV infection on TDF-containing cART, vitamin D and/or calcium supplementation improved both PTH and BMD at 48 weeks [20] .
We hypothesized that an "adolescent-friendly" monthly dose of vitamin D3 (50 000 IU [19] ) would increase BMD and decrease PTH more effectively than a daily multivitamin containing vitamin D3 (400 IU) and calcium in youth with HIV being chronically treated with TDF-containing cART, independent of baseline vitamin D status.
METHODS

Overview
Adolescent Medicine Trials Network for HIV/AIDS Interventions (ATN) study 109 was a 48-week randomized, double-blind, placebo-controlled, multicenter trial performed between October 2012 and May 2016 at 13 ATN and 6 International Maternal Pediatric Adolescent AIDS Clinical Trials (IMPAACT) sites in the United States and Puerto Rico. Study version 1.0, designed for 96 weeks, was modified to version 2.0 in August 2014, with 48 weeks of follow-up, due to ATN financial constraints. The study was approved by each participating center's institutional review board, and appropriate written informed consent/assent was obtained prior to enrollment.
Participants
We enrolled persons ages 16 through 24 years with behaviorally acquired HIV-1 infection, treated with TDF-containing cART for ≥180 days, with viral load <200 copies/mL ≤90 days before and at the time of screening. Subjects were excluded for body weight >159 kg (DXA requirement), hepatitis B or C infection, clinical renal diseases, sarcoidosis, arteriosclerosis, osteoporosis and/or other bone diseases, parathyroid disorders, current or recent pregnancy or lactation, pregnancy planned during the study, or gastrointestinal disease potentially interfering with study agent absorption; use of medicines affecting BMD, interfering with vitamin D absorption or TDF excretion, or causing nephrotoxicity; or estimated glomerular filtration rate (eGFR) <70 mL/minute/1.73 m 2 , or serum calcium above the upper limits of laboratory norms. Subjects taking multivitamins, calcium, or vitamin D could enroll if supplements were discontinued at screening and thereafter ( Figure 1 ). Because pretreatment vitamin D concentration was not an eligibility criterion, there was no exclusion based on pretreatment vitamin D status [21] .
Treatments
Participants were randomized to receive vitamin D3, 50 000 IU (Tishcon, Westbury, New York) or a matching placebo gelatin capsule [22] . Randomization to vitamin D3 or placebo was stratified by sex at birth, age (<20 vs ≥20 years), and race (black/ African American vs other), in a 1:1 ratio. Capsules, manufactured yearly, had content confirmed by independent analysis before and at the end of use for each batch. Treatment assignment was blinded to all study participants and personnel except the site pharmacist. Directly observed oral treatment was administered at baseline and every 4 weeks while on study.
All participants were also supplied with a multivitamin and mineral supplement (Nature's Bounty Multi-Day Vitamins plus Minerals, Nature's Bounty, Bohemia, New York) and instructed to take 1 tablet daily. Among other constituents, this contained vitamin D3 400 IU and calcium 162 mg (as dicalcium phosphate and calcium carbonate). This vitamin D dose was chosen to assure that total vitamin D intake (dietary plus supplement) in the group randomized to placebo would approximate the recommended daily intake of 600 IU [21] . Thus, the vitamin D3 group received a daily multivitamin plus randomized directly observed vitamin D3 50 000 IU every 4 weeks; the placebo group received a daily multivitamin plus randomized placebo every 4 weeks.
Percentage adherence to multivitamin use was measured by pill count. Adherence to randomized treatment was identified by missed visits for directly observed therapy. Vitamin D/calcium dose received was calculated as prescribed dose multiplied by adherence [17] . Total vitamin D/calcium doses received were the sum of dietary, multivitamin, and randomized treatment amounts.
Study Visits
After screening, study visits occurred at baseline and weeks 12, 24, and 48. Treatment/safety visits occurred every 4 weeks. Spine, hip, and whole body DXA scans were performed at baseline and weeks 24 and 48 and analyzed centrally. With few exceptions, participants were scanned on the same instrument throughout the study. Six sites had GE/Lunar (Madison, Wisconsin) scanners, and 13 sites had Hologic devices (Waltham, Massachusetts). Machine-generated z scores were used. A standard phantom was scanned on each DXA instrument.
Urine and blood samples were collected at baseline and weeks 12, 24, and 48 after a minimum 8-hour fast. Serum samples were used for measurement of PTH, FGF23, vitamin D binding protein (VDBP), 25-OHD, 1,25-dihydroxy vitamin D (1,25-OH(2)D), CTX, BAP, OC, calcium, creatinine, phosphate, and albumin. Spot urine samples for creatinine (UCr), calcium, phosphate, glucose, protein, and retinol-binding protein (URBP) were collected upon arrival. A second urine sample for β-2 microglobulin was collected 1 hour later after participants drank 8-12 ounces of water. All samples were processed at the study sites, frozen, and sent for storage and batch analysis at the US Department of Agriculture, Agricultural Research Service, Western Human Nutrition Research Center, Davis, California (see Supplementary Materials) .
Dietary or supplemental intake of calcium, vitamin D, and total energy were assessed at baseline and week 48 using the Block Dietary Systems Food Frequency Questionnaire [23] (Nutritionquest, Berkeley, California). Information on exercise frequency, tobacco and alcohol use, and attempts to lose weight was collected by questionnaire at baseline and week 48.
Statistical Analysis
The primary outcome measure was the percentage change from baseline to week 48 in lumbar spine (L1-L4) BMD (LSBMD), with evaluable participants defined as those with BMD data available at both baseline and at week 48. The study was designed to enroll 214 participants, to have 100 evaluable participants in each randomized treatment group, giving a power of 90% to detect a between-group difference of increase in LSBMD ≥1.8% from baseline to week 48 [24] . Data are presented as median (Q1, Q3) unless otherwise specified. Analyses compared differences between participants in randomized groups, using an intent-totreat analysis cohort for baseline data, and the evaluable cohort for the data on change from baseline to week 48. We report all available biochemical data for participants who had baseline and week 48 data. The Wilcoxon signed-rank test was used to test for significance of differences from baseline to a specified study week within each group. Between-group differences were assessed by the Wilcoxon rank-sum test. Multivariable analyses were used to assess the effects of covariates on the relationship of randomized group or 25-OHD to change in LSBMD.
RESULTS
Participants and Baseline Data
Altogether, 214 participants were randomized and completed a baseline visit, 191 completed week 48 with complete laboratory data, and 188 completed week 48 with complete laboratory and DXA data ( Figure 1 ). There were 2 inadvertent enrollments. One hundred two participants enrolled in protocol version 1.0 and 112 in protocol version 2.0.
At baseline, VITD3 and placebo groups were balanced by age, sex at birth, race, and most HIV-related and lifestyle variables ( Table 1 ). The placebo group had a lower BMI. While prestudy multivitamin use was lower in the placebo group, supplements were used infrequently in either group. Sixty-two percent of See Methods for eligibility criteria. Abbreviations: DOT, directly observed therapy; DXA, dual-energy X-ray absorptiometry. (16) 18 (17) 15 (14) Sexual maturity rating (Tanner stage) c , No. (%)
1.00 [21] ). There were no differences in baseline measurements between evaluable and nonevaluable participants (data not shown), and no treatment-related reasons for discontinuation (Figure 1 ).
Calcium and Vitamin D Intake on Study
Over 48 weeks, median (Q1, Q3) daily multivitamin adherence by pill count was 49% (27%, 69%), and directly observed randomized treatment adherence was 100% (100%, 100%), with no difference between VITD3 and placebo groups (Supplementary Table 1 ). At week 48, the total vitamin D intake received was 2020 (1914, 2168) and 284 (179, 394) IU/day in the VITD3 and placebo groups, respectively (P < .001).
Serum Vitamin D Concentrations
Serum 25-OHD increased by week 12 in both groups, with a greater increase in the VITD3 than the placebo group at week 48 ( Figure 2A ; P < .001). At week 48, median 25-OHD concentrations were 36.9 (30.5, 42.4) ng/mL in the VITD3 and 20.6 (14.4, 25.8) ng/mL in the placebo group (Figure 2A and  Supplementary Table 2 ; change from baseline P < .001 and P = .001, respectively). By week 48, 25-OHD was >20 ng/mL in 98% and 51% of VITD3 and placebo groups, respectively ( Figure 3 ). Changes from baseline to week 48 in 1,25-OH(2) D and free 1,25-OD(2)D were greater in the VITD3 compared to placebo group (Supplementary Table 2 ) (between-group P = .014 and P = .021, respectively). Serum VDBP decreased 4% over 48 weeks in the VITD3 group (Supplementary Table 2 ).
Bone Mineral Density and Anthropometric Variables
Baseline median z scores in the group as a whole were ≤ -0.5 for spine, hip, and whole-body BMD (data not shown). From baseline to week 48, LSBMD increased by 1.15% (-0.75%, 2.74%) in the VITD3 group (P < .001) and 0.09% (-1.49%, 2.61%) in the placebo group (P = .25), without a significant difference between the 2 groups (P = .12) ( Figure 2B ). This increase occurred in VITD3 participants with baseline 25-OHD <20 ng/ mL (1.17% [-0.82%, 2.90%]; P = .004) and in those with baseline 25-OHD ≥20 ng/mL (0.93% [-0.26%, 2.15%]; P = .033) ( Figure 2C ). LSBMD z score declined in the placebo group (0.10 [-0.30, 0.20]; P < .05). There were no other significant changes in DXA-measured variables in either group, including hip and whole-body BMD (Supplementary Table 2 ). Body weight increased in the placebo group. In multivariable models, change in LSBMD from baseline to week 48 did not differ between males and females, but was most strongly associated with baseline 25-OHD (P < .05; Table 2 ).
Endocrine, Bone Turnover, and Renal Variables
At baseline, no endocrine, renal, or bone turnover markers differed significantly by treatment group (Supplementary Table 2 ). An effect of vitamin D3 on PTH was seen in the VITD3, but not the placebo group, with decline in PTH at 12 weeks sustained at week 48 in the VITD3 group (P = .016). Vitamin D3 effect on FGF23 was seen at 12 weeks, with sustained increases in both groups to week 48. Serum bone turnover markers declined in both groups. There were no significant changes in urine glucose, URBP/UCr ratio, or urine B2MG, markers of integrity of renal tubular function. Tubular reabsorption of phosphate declined only in the VITD3 group, reaching statistical significance at week 48.
Safety
There was no clinically meaningful change in markers of renal glomerular function (Supplementary Table 2 ). Serum creatinine increased in both groups, while eGFR decreased slightly in the VITD3 group. There was no identified clinical vitamin D toxicity in either group, and no difference in any clinical toxicity between the 2 treatment groups over the entire study duration. In the VITD3 group, 2 participants had 25-OHD >50 ng/mL at baseline, and 4 had 25-OHD concentrations above that value at week 48. One participant in the placebo group, whose cART regimen included atazanavir, developed nephrolithiasis. Study treatments were withheld until symptom resolution, then restarted and well tolerated for the remainder of the trial. There was 1 traumatic fracture in each group during the study.
DISCUSSION
For adolescents and young adults with HIV being chronically treated with TDF-containing cART, vitamin D3 administration improved LSBMD within 24 weeks of initiation. This LSBMD increase continued to 48 weeks in the VITD3 group, with a median serum 25-OHD concentration of 36.9 (30.5, 42.4) ng/ mL at that time. The placebo group, receiving a multivitamin plus vitamin D3 placebo, showed a decline in LSBMD z score and no significant increase in LSBMD by 48 weeks, and had a lower week 48 serum 25-OHD concentration (median, 20.6 [14.4, 25.8 ] ng/mL). In the VITD3 group, the increase in LSBMD occurred in participants with and without baseline vitamin D deficiency/insufficiency (baseline 25-OHD <20 or ≥20 ng/mL) [21] .
c Sexual maturity rating (Tanner stage) was determined by physical examination or self-assessment. d The median supplemental calcium intake was calculated only for those who used supplements (n = 23): 17 vitamin D3; 6 placebo. e Institute of Medicine criteria [21] .
f The median supplemental vitamin D intake was calculated only for those who used supplements (n = 24): 16 vitamin D3; 8 placebo. g Ever used efavirenz or ritonavir. 25-OHD at weeks 12, 24, and 48 differed between dose groups (P < .001). Vitamin D3, n = 100; placebo, n = 91. B, At week 48, the change from baseline was significant in the vitamin D3 group but not in the placebo group. There was no significant difference in the change from baseline to week 48 between the vitamin D3 and placebo groups (P = .117). C, Vitamin D3, n = 99; placebo, n = 89; 25-OHD <20 ng/mL, n = 59; 25-OHD >20 ng/mL, n = 40.
In the VITD3 group, LSBMD increased by 1.15% over 48 weeks, an effect size approaching that of other interventions for mitigating TDF-associated bone toxicity in HIV-infected adults. For example, LSBMD increased by 1.6% when switching from TDF-containing cART to a regimen containing TAF [10] , and by 2.6% when switching from TDF-FTC-efavirenz to ritonavir-boosted darunavir alone [11] . In an open-label study, after 48 weeks of vitamin D and/or calcium treatment, LSBMD increased by 2.4% in calcium and/or vitamin D-deficient persons on TDF-containing cART [20] . The effect size in our study may be smaller because we did not preselect for vitamin D or calcium deficiency at study entry.
While not directly comparable [2] , further perspective on the magnitude of LSBMD change comes from randomized studies of cART initiation, which show differences in 48-week LSBMD decline associated with TDF-containing vs comparator regimens that range from 0.8% (-2.4% [TDF] vs -1.6% [abacavir]) [7] to about 2.4% (-3.4% [TDF] vs -1.0% [TAF]) [9] . At initiation of TDF-containing cART in adults with HIV, daily vitamin D3 4000 IU plus twice-daily calcium supplementation resulted in LSBMD decline at 48 weeks of -1.4% compared to -2.9% in a placebo group, about 1.5% difference [18] .
We saw a vitamin D3 treatment effect only on LSBMD and not hip or total body BMD. TDF is known to decrease both hip and lumbar spine BMD [3, [6] [7] [8] [9] [10] [11] 18] . In a study in which vitamin D3 50 000 IU was administered monthly in adults with HIV treated with cART not containing TDF, LSBMD increased by 2.6% at 2 years while total hip BMD decreased by 0.8% and total body BMD decreased by 0.5% [25] , suggesting that the greater effect of vitamin D3 on spine compared to hip BMD is not TDF-related. This differential effect of vitamin D3 on spine (trabecular bone) and hip (cortical bone) may be related to study duration, with a visible effect in the more metabolically active trabecular bone in the spine in studies of relatively short duration.
Adherence with the daily multivitamin was poor in both groups. The VITD3 group received a total daily dose of vitamin D3 equal to about 2000 IU/day and achieved serum 25-OHD concentrations of 37 ng/mL by week 48, similar to the 25-OHD concentration attained using monthly vitamin D3 50 000 IU [21] . At baseline, both vitamin D3 and placebo groups had about 60% of participants with vitamin D deficiency/insufficiency (25-OHD <20 ng/mL). Covariates in the model (continuous variables unless otherwise specified) were as follows: age at enrollment (years); race (Black/African American vs other race); sex at birth (male or female); body mass index (kg/m 2 ); lean body mass (g); efavirenz use ever (yes/no); duration of tenofovir disporoxil fumarate use (months); CD4 at entry (cells/μL); viral load (detectable vs below limit of quantitation); weight-bearing exercise (yes or no by questionnaire at baseline). In the full model, none of these covariates was statistically significantly associated with change in lumbar spine BMD from baseline to week 48 (P > .05).
without a daily multivitamin [22] . The monthly regimen in the VITD3 group supplies a dose of vitamin D3 considered adequate for fracture prevention [17] , and meets the Endocrine Society recommendation for vitamin D dose and serum 25-OHD concentration (>30 ng/mL) for persons with HIV infection [16] , while the placebo group achieved the IOM target (25-OHD concentration 20 ng/mL) [21] . Our data suggest that the low dose of vitamin D3 in standard multivitamin preparations is insufficient to affect bone turnover, BMD, and other variables that reflect skeletal health in an adolescent population with HIV. The safety of the higher dose, and the effect observed over a broad range of baseline 25-OHD concentrations, suggests that such dosing could be used in practice without measuring serum 25-OHD concentrations, as long as other vitamin D supplements were discontinued at the time of regimen initiation. A similar effect on LSBMD might be seen in the absence of calcium supplementation. Calcium intake from the multivitamin was <10% of the total daily calcium intake. As high calcium intake is less important in persons with high serum 25-OHD [17, 26] , the LSBMD change would likely be similar even if the multivitamin were omitted from the regimen.
The decrease in PTH and serum bone turnover markers, seen especially in the VITD3 group, suggest a physiologic state similar to vitamin D deficiency that is corrected with vitamin D administration [27] . While some studies have suggested this "functional 25-OHD deficiency" may be mediated through a TDF effect on decreasing free 1,25-OH(2)D [28] by increasing VDBP [29, 30] , TDF was not associated with changes in VDBP in other studies [15, 31] , and current study results do not support a central role for VDBP.
Low FGF23 has been associated with TDF [15, 30, 32] . The increase in FGF23 in both groups is larger than was seen in TDF-treated vitamin D or calcium-deficient adults with HIV [20] . In severe vitamin D deficiency, FGF23 may initially fall in response to vitamin D treatment when there is associated hypophosphatemia [33] , but with less severe deficiency, FGF23 concentrations rise in response to vitamin D repletion [34] . The initial FGF23 decline in severe vitamin D deficiency and later rise in response to high concentrations of 1,25-OH(2)D was previously found in TDF-treated youth [35] . In the current study, the decline in TRP in the absence of broader evidence of renal tubular dysfunction suggests phosphate loss may be an FGF23-mediated effect, not primarily a renal tubular effect.
A strength of this study was enrollment of youth who had viral load <200 copies/mL for ≥180 days on unchanged cART, an index of good adherence to cART. A "youth-friendly" dosing scheme with directly observed monthly vitamin D3/placebo administration was another key component of our study design. The challenges of adherence with the daily multivitamin in our adolescent/young adult cohort suggest that the total vitamin D3 received dose would have been lower with daily dosing, even if a higher daily dose were used. We note that LSBMD was rising through 48 weeks. Longer follow-up perhaps could have shown a greater difference in BMD between the 2 treatment groups.
In summary, monthly high-dose vitamin D3 supplementation significantly increased LSBMD over 48 weeks in HIV-infected youth on stable TDF-containing cART regimens, regardless of baseline vitamin D status. This safe regimen merits consideration for managing TDF-associated LSBMD loss.
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